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Abstract
In recent years, studies have shown that expression profiling of carefully chosen intermediary gene sets, comprising approximately 10 to 100
genes, can convey the most relevant information compared to much more complex whole-genome studies. In this paper, we present a novel method
suitable for expression profiling of moderate gene sets in a large number of samples. The assay implements the parallel amplification features of the
trinucleotide threading technique (TnT), which encompasses linear transcript-based DNA thread formation in conjunction with exponential
multiplexed thread amplification. The amplifications bestow the method with high sensitivity. The TnT procedure together with thread detection,
relying on thread-specific primer extension followed by hybridization to universal tag arrays, allows for three distinction levels, thus offering high
specificity. Additionally, the assay is easily automated and flexible. A gene set, comprising 18 protein epitope signature tags from the SwedishHuman
Protein Atlas program, was analyzed with the TnT-based approach and the data were compared with those generated by both real-time PCR and
genome-wide cDNA arrays, with the highest correlation observed between TnT and real-time PCR. Taken together, expression profiling with
trinucleotide threading represents a reliable approach for studies of intermediary gene sets.
© 2007 Elsevier Inc. All rights reserved.Keywords: TnT; Gene expression profiling; Multiplex; Real-time PCR; Microarray; HPACurrently, the most frequently used expression analysis
methods fall, with a few exceptions, into two main categories:
(1) high-and medium-density microarray-based techniques and
(2) approaches relying on quantitative real-time PCR. The
microarray technologies allow for the simultaneous profiling of
thousands of genes in a single experiment, and, additionally, no
prior knowledge or hypothesis of which genes might be pivotal
is required. However, the approach is relatively expensive and
time-consuming, thus not a viable alternative for studies neces-
sitating the analysis of a large number of samples. Conversely,
methods relying on real-time PCR are inexpensive, simple, and
rapid, thereby suitable for processing hundreds or thousands of
samples. However, the multiplex capability of these methods is
severely restricted by PCR, allowing only one or a very small
set of genes to be studied simultaneously. In addition to the
approaches outlined above, several sequence-based methods,
such as SAGE [1] and paired-end ditags [2,3], are available.
These strategies are, however, cumbersome and may introduce⁎ Corresponding author. Fax: +46 8 5537 8481.
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doi:10.1016/j.ygeno.2007.10.012bias. Furthermore, in recent years a few bead-based systems for
analysis of relevant sets of signature genes have emerged.
cDNA-mediated annealing, selection, extension, and ligation
(DASL) [4] and its predecessor RNA-mediated annealing,
selection, and ligation (RASL) [5], both encompassing self-
assembled fiber-optic bead arrays for detection, are two such
methods developed by Illumina, Inc. (San Diego, CA, USA).
The ligation-mediated amplification approach [6] and the
multiplex branched DNA assay with detection relying on the
microsphere-based suspension array technology provided by
Luminex Corp. (Austin, TX, USA) [7] represent other examples
of this class of methods. However, as these have inherent prob-
lems relating to specificity, there is a lack of a reliable technique
for multiplex analysis of a moderate set of genes, approximately
in the range of 10 to 100, in hundreds or thousands of samples.
This study describes a novel method for multiplexed ex-
pression profiling of a moderate set of genes in a large number
of samples. The ability to study expression simultaneously in an
intermediate gene set is attained by implementation of the mul-
tiplex linear amplification features of the trinucleotide threading
technique (TnT). This approach has been used to amplify in a
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polymorphisms, in a single reaction tube [8]. Recently, the
multiplexing level of the TnT approach was increased to 150
DNA regions (unpublished data). The method has proved to be
sensitive, as minute amounts of genomic DNA generated pro-
ducts of sufficient quality and quantity to enable an efficient
genotyping. As TnT allows for specific linear DNA thread
formation and exponential multiplexed thread amplification,
high signal-to-noise ratios and, consequently, reliable expres-
sion data can be obtained.
Briefly, the trinucleotide threading reaction utilizes reverse-
transcriptase-generated cDNA as a template for controlled linear
DNA thread formation. These threads are created first by closing
a small gap between two annealed primers and subsequently by
ligating these. The gap closing extension features three of the
four nucleotides. The DNA threads carrying universal amplifi-
cation handles are parallel-amplified employing only one PCR
primer pair. A thread-specific primer extension reaction ensues,
generating detectable extension products that are hybridized
onto generic tag arrays. Expression data can, finally, be extracted
from the array.
The TnT-based gene expression approachwas used to profile a
set comprising 18 genes—15 randomly chosen sample genes and
3 housekeeping genes—in eight cell lines. Instead of utilizing
sequences of entire transcripts, sequences corresponding to
protein epitope signature tags (PrESTs) were chosen. PrESTs
constitute the basic “building blocks”within the Swedish Human
Protein Atlas (HPA) program, which employs antibody-based
proteomics to generate a complete map of the human proteome
[9]. Each PrEST is carefully designed to represent a unique region
of a protein, roughly between 100 and 150 amino acids [10] and,
accordingly, corresponds to one gene. To validate our approach
the same gene set was subjected to real-time PCR-based profiling,
and a comparison with a whole-genome array-based expression
analysis was conducted.
Results
Trinucleotide threading for expression profiling
In the TnT assay for expression analysis, first a cDNA syn-
thesis reaction is performed. Two different priming strategies
can be applied in this step—priming with oligo(dT) produces aFig. 1. Schematic diagram of the trinucleotide threading approach for expression prof
priming strategies can be employed in this step: oligo(dT), which generates a cDNA c
which yield only cDNA molecules corresponding to the genes of interest (right). In
regions, each of which spans approximately 300 to 600 bp and represents a unique
enabling an automated cleanup protocol based on streptavidin-coated magnetic bead
Box 3: The cleaned up cDNA acts as a template in a trinucleotide threading reactio
extension primer and the thread-joining primer, (II) bridging the 10-to 12-bp gap betw
two primers with a ligase, thus creating a complete thread. The extension region con
restricted extension keeps formation of spurious products at a minimum. Box 4: Fo
coated magnetic beads, all threads are amplified in a parallel fashion with a single P
universal amplification handles at the ends of each thread. Box 5: One of the univers
threads onto streptavidin-coated magnetic beads and, consequently, a removal of the
strands, and the nonbiotinylated one is washed away. A detection primer, compleme
with Cy5-labeled nucleotides is performed. Box 6: The extended detection primer
hybridized onto a generic tag array. The array signal intensities are subsequently cocDNA copy of the entire poly(A)-tagged transcriptome, whereas
utilization of gene-specific primers generates only cDNA
molecules corresponding to the genes of interest. The first-
strand synthesis primers are biotinylated, allowing for an
automated cDNA cleanup procedure. Subsequently, the purified
cDNA acts as a template in a trinucleotide threading reaction,
during which DNA threads are created, each gene to be analyzed
forming one type of thread. In particular, the formation of
threads relies on the sequential action of a DNA polymerase,
which closes a 10-to 12-bp gap between a pair of annealed
primers—an extension primer and a thread-joining primer—and
a ligase, which links the two primers, generating a complete
thread (Fig. 1). The gap closing extension features three of the
four nucleotides. This restricted nucleotide set minimizes
formation of nonspecific products as it is, in most cases, not
sufficient to link misannealed primers, thus enabling simulta-
neous analysis of many genes. Additionally, this allows cycling
of the threading reaction resulting in a controlled linear am-
plification. As such, this approach circumvents the limitations
associated with multiplexed PCR. Following the threading
reaction the biotinylated cDNA is removed and parallel thread
amplification with only one PCR primer pair ensues, made
possible by the presence of universal amplification handles at
both ends of each thread. A restricted extension gap size al-
lowing for uniform thread lengths, approximately 100 bp, con-
tributes to minimizing length bias during amplification. The
central sections of the amplicons, corresponding to the gene-
specific regions, serve as annealing points for detection primers,
which are then extended with a fluorescence-labeled nucleotide
mix. These extended primers encompass address tag sequences
and are, accordingly, hybridized onto generic tag arrays. Ex-
pression data are, finally, obtained by analysis of the signal
intensities.
Primer design and threading region localization software
Manual primer design is rather tedious and error-prone.
Therefore, we developed a software tool that identifies all
suitable threading positions and the three probes associated with
these regions. In this study, extension with the AGT trinucleo-
tide set and an extension region length of between 10 and 12 bp
were utilized as default parameters. To change these constraints
only slight alterations of the script are required. Our initial geneiling. Box 1: cDNA is obtained from total RNA using reverse transcriptase. Two
opy of the entire poly(A)-tagged transcriptome (left), and gene-specific primers,
this study, the specific primers targeted PrEST (protein epitope signature tag)
gene. Box 2: Both the oligo(dT) and the gene-specific primers are biotinylated,
s, by which residual components of the cDNA synthesis reaction are discarded.
n. The TnT comprises three steps: (I) annealing of the two TnT primers—the
een the primers—the extension region—with a polymerase, and (III) linking the
sists of only three of the four nucleotides (in this example A, C, and T), and this
llowing removal of the biotinylated cDNA, once again employing streptavidin-
CR primer pair. This parallel thread amplification is enabled by the presence of
al PCR primers is biotinylated, which makes possible a capture of the amplified
constituents of the amplification reaction. Alkali treatment separates the thread
ntary to the immobilized strand, is allowed to anneal, and an extension reaction
, which carries an address tag, is separated from the template thread and then
nverted to fold change values.
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429 bp, the individual lengths ranging from 333 to 621 bp.
Using the set of parameters outlined above, all PrESTs but one
were found to harbor suitable threading positions, on average2.8 regions per PrEST. Applying another trinucleotide combi-
nation will naturally produce a different set of extension
regions. For example, extension with CGT was possible for all
PrESTs except for PrEST 3 (complement factor B precursor).
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Of course, less stringent extension length limits will generate a
larger number of hits. Expanding these gap limits from 10–12 to
8–14 bases using the AGT set increased the average number of
potential threading regions to 6.6 per PrEST. It is advisable
to employ a rather narrow extension length interval as this
results in a template population of homogeneous lengths, thus
minimizing potential bias in the parallel amplification step.
Furthermore, additional threading regions can be identified by
utilizing full-length transcript sequences, as opposed to the
relatively short PrEST sequences. For instance, analysis of the
complete 10,276-bp transcript of endoribonuclease dicer,
corresponding to PrEST 9, using the default parameters yielded
106 suitable extension positions. An analogous examination of
the substantially reduced 621-bp PrEST sequence returned 7
hits.Fig. 2. Comparison of TnT-based expression profiling, real-time PCR, and array-based
for each cell line. The red circles correspond to TnT-generated data, the black ones
improved clarity. The Pearson correlation coefficients for the three possible compari
change values, 112 in total (14 genes in each of the eight cell lines), obtained by TnTTnT-based expression profiling: oligo(dT) versus gene-specific
primers
For each of the eight cell lines and the reference RNA, cDNA
synthesis was performed using two distinct approaches: priming
with oligo(dT) or with PrEST-specific primers. To evaluate the
two priming strategies, as well as the reproducibility of the
method, the two cDNA populations, encompassing cDNA mo-
lecules representing either the entire transcriptome or only the
genes of interest, were subjected to TnT-based expression pro-
filing. The two approaches produced concordant results. The
average Pearson correlation coefficient across the eight cell
lines was 0.84. It should be emphasized that even for the cell
lines exhibiting lowest correlation, the intermediary and highly
differentially expressed genes clearly displayed a similar pattern
(data not shown).expression analysis. Log2 fold change values for the 14 sample genes are plotted
to real-time PCR data, and the green ones to array data. The lines are added for
sons are shown in the bottom right corners. Lower right: Scatter plot of all fold
and by real-time PCR. The R2 value is indicated in the bottom right corner.
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calculation: modified 2−ΔΔCT method versus qBase
We devised a normalization/fold change scheme, based
largely on the widely acknowledged 2−ΔΔCT method [11], to
normalize the data with respect to all three housekeeping genes
and to convert real-time PCR threshold cycle values (CT) to fold
change values. A comparison of the fold changes obtained with
this approach and with the qBase package revealed almost
identical results with the average coefficient of determination
(R2) over all eight cell lines being 0.999.
TnT-based expression profiling versus real-time PCR
To validate the TnT-based expression profiling approach, as
well as to assess its reliability, fold change data for the 15-gene set
obtained with this technique were compared to those generated
with the golden standard method of real-time PCR. To keep the
bias at aminimum, the same oligo(dT)-primed cDNAwas utilized
in both platforms. An initial examination of the comparison
revealed that PrEST 11 exhibited considerable fold change
discrepancies between the two platforms, and, consequently, this
gene was omitted from further analysis. The results from the two
platforms generally agreed, with respect to both mode (up or
down regulation) and approximate extent of differential expres-
sion (Fig. 2 and Supplementary Table 5). The magnitudes were,
however, disparate, with real-time PCR generating greater fold
changes and the TnT approach slightly compressing the data.
The average Pearson correlation coefficient across the eight
cell lines was 0.86, with the individual values ranging from 0.80
(THP-1) to 0.90 (CACO-2) (Fig. 2). The overall R2 value, based
on all 112 data points—logarithmic fold changes (base 2) for 14
genes in each of the eight cell lines—was 0.64.
Expression profiling: cross-platform comparison
In addition to profiling the selected genes with the TnT-based
assay, and validating its results with the golden standard method
of real-time PCR, we also analyzed the same gene set by a
conventional whole-genome cDNA microarray platform.
As is clearly evident, the three employed platforms generate
varying degrees of data compression, with the genome-wide
microarray exhibiting the highest underestimation of fold
changes and the real-time PCR the lowest degree of compres-
sion (Fig. 2 and Supplementary Table 5). The threading assay
falls between these methods, hence generating larger magni-
tudes than the whole-genome array.
The Pearson correlation coefficients for the three possible
comparisons—TnT vs RT-PCR, TnT vs array, and RT-PCR vs
array—are highest between the data sets from the threading
approach and from the real-time PCR, indicating that these
platforms have the best correlation (Fig. 2). The genome-wide
array data, on the other hand, exhibit a rather poor correspon-
dence with the real-time PCR fold changes. In addition, PrEST
11, the data of which correlate poorly between TnT and real-
time PCR, also displays differing fold changes in an array vs
real-time PCR comparison (data not shown).Discussion
Given that the majority of genes in global analyses exhibit
only minor fold changes between samples, for example between
healthy and diseased tissue, careful selection of a representative
set of variably expressed genes can greatly reduce the dimen-
sionality of experiments, with no or only a slight loss of ob-
tainable information. Most of the interest, and hence most
research, within the field of signature gene set identification has
revolved around various types of cancers. For instance, an
investigation led by the Netherlands Cancer Institute established
a collection of 70 genes predicting the clinical outcome of
lymph-node-negative breast cancer [12]. Follow-up validation
studies are under way, the expectation being a routine employ-
ment of this signature for improved prognosis of breast cancer
patients [13,14]. Moreover, a set comprising 64 genes was found
to distinguish stage I non-small-cell lung cancers likely to
metastasize from less aggressive ones with an accuracy greater
than 85% [15]. As such, this gene set represents a valuable tool
for selection of an appropriate treatment regimen. The iden-
tification and classification of other disorders can also benefit
from gene expression signatures. For example, an indication of
primary pulmonary hypertension can be obtained by analysis
of a collection of 106 genes [16]. The lack of a practical multi-
plexable expression profiling technique has, however, to a large
extent hindered a more widespread utilization of such signature
gene sets.
To address this obstacle, we have developed a method for
parallel and specific expression profiling of a signature set of
genes in a large number of samples. As such, this method
complements the global microarray-based expression analysis
techniques, suitable for simultaneous profiling of thousands of
genes, and approaches relying on real-time PCR, allowing one,
or a very limited number of genes, to be studied at the same
time.
Gene expression analysis implementing the parallel amplifica-
tion features afforded by the trinucleotide threading technique
offers specificity by three levels of discrimination. First, only
three nucleotides are utilized in the threading reaction, allowing
extension only over gaps composed of this trinucleotide set.
Misannealing of the threading primers, in the vast majority of
cases, generates gaps composed of all four nucleotides, preclud-
ing the bridging action of the polymerase necessary to create a
point for ligation. The second selectivity level involves the ligase.
Only a complete extension over the gap and the correct in-
corporation of its 3′-nucleotide enables a ligation. Extension with
the restricted nucleotide set together with the ligation event keeps
formation of spurious threads at a minimum, but the generation of
such threads cannot be completely ruled out. However, even if
nonspecific threading products are generated they cannot act as
docking stations for the detection primers since 10 to 12 bases of
the 3′ part of each detection primer are designed to anneal to their
corresponding gap-filled region. The detection step thus repre-
sents the third distinction step. To our knowledge, no other
expression profiling method offers this high level of discrimina-
tion. Furthermore, the low rate of nonspecific thread formation
permits the threading reaction to be cycled, resulting in an initial
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creases the sensitivity of the assay. Utilization of all four nu-
cleotides for gap closure, a common theme in extension/ligation-
based expression analysis techniques, precludes a similar cycling
approach, as this would generate a high proportion of nonspecific
products.
The threading-based expression analysis assay is user-friendly.
Specifically, the utilization of biotin and streptavidin-coated
magnetic beads facilitates the various cleanup procedures as
these can be performed in an automated fashion in a liquid
handling robot capable of collecting magnetic particles, keeping
the hands-on time necessary for an efficient washing at a mini-
mum. In addition, the assay relies on the general 96-well plate
format, providing plenty of opportunities for further automation.
Furthermore, the method offers a high degree of flexibility since
generic address tags are used in the final hybridization. It is also
possible to exchange the traditional planar arrays employed in this
study with other readout systems, such as bead-based or sus-
pension arrays. Currently the detection primers are hybridized onto
slides with an array-of-arrays layout, by which 48 samples can be
analyzed on each slide. Our array layout allows the use of up to 100
address sequences, enabling investigation of 100 different gene
products. Obviously, it is possible to increase the number of
address tags; however, this may necessitate a reduction in the
number of subarrays.
The results of this study clearly demonstrate the reliability
and accuracy of the TnT technique to contrast levels of ex-
pression in different tissues in a parallelized fashion, compared
to the nonparallelized and conventional method of real-time
PCR. The two strategies were used to investigate product levels
of 15 different genes in eight cell lines. Only one of these gene
products exhibited differences in expression levels between the
two technologies, while 14 showed the same up and down
regulation patterns in all employed cell lines. The only dis-
crepant result is probably due to very high levels of detectable
products by real-time PCR and the use of SYBR green for the
detection. As this dye binds all double-stranded DNA, ampli-
cons resulting from mispriming could also have been detected,
hence affecting the fold change determination. This finding is
further supported by the dissimilar expression data for this
particular gene generated by whole-genome cDNA arrays and
by real-time PCR. The remaining 14 genes gave 0.86 in average
Pearson correlation coefficient across the eight cell lines, with
values ranging from 0.80 to 0.90.
The concordant results obtained when cDNA generated from
two different priming strategies—oligo(dT) and gene-specific
primers—was used as template attest the reproducibility of the
approach. The former priming method is simple and cost-
effective, as all transcripts of interest can be converted to cDNA
with a single oligonucleotide. The outcome of the reaction is,
however, a rather complex DNA copy of the entire poly(A)-
tagged transcriptome. Another predicament with oligo(dT) is a
bias toward the 3′ ends of the transcripts in the cDNA synthesis
reaction. This bias implies that threading regions present in 5′
sections of longer transcripts could be missed. This problem is,
however, easily eliminated as the primer design software lists all
possible threading regions, hence enabling the user to select forones positioned toward the 3′ ends of transcripts. Use of PrEST-
specific primers potentially reduces the bias since only the
transcripts for which primers are present will be reverse
transcribed. Obviously, cost is the major drawback of this
approach as one specific primer is required per analyzed gene.
Accordingly, both priming strategies could be employed in the
cDNA synthesis step, the choice between them merely depen-
dent upon project characteristics and cost issues.
A cross-platform comparison of threading-based expression
profiling, real-time PCR, and array-based expression analysis
revealed a best correlation between the TnT technique and the
real-time PCR (Fig. 2). In stark contrast, whole-genome array
data exhibit an inferior correlation with real-time PCR-
generated fold changes. Additionally, TnT falls between the
two other platforms regarding data underestimation, whereas
genome-wide arrays display the highest degree of compression
and real-time PCR the lowest. The observation that laboratory-
developed cDNA arrays underestimate the relative changes in
mRNA expression has been previously reported [17]. The slight
data compression with TnTcompared to real-time PCR could be
explained by the fact that a certain amount of nonspecific hy-
bridization or uneven hybridization between the tags may occur
in an array detection system. A similar discrepancy was ob-
served in a comparison of RASL [5] and DASL [4] with real-
time PCR. Finally, we would like to emphasize that these
findings do not rule out results obtained from genome-wide
cDNA platforms, as considerable up or down regulation identi-
fied with this method is supported by real-time PCR. Generally,
reports on good concordance between these two platforms
compare only such highly differentially expressed genes. On the
other hand, if a gene exhibits low fold change on the array it
does not necessarily imply that no significant up or down
regulation will be seen with the real-time PCR.
In conclusion, the trinucleotide threading-based expression
profiling, presented herein, represents a viable alternative for
multiplex analysis of moderate gene sets in a high-throughput
fashion. The method offers an excellent specificity and
reliability demonstrated by results that correlate very well with
those obtained with the established real-time PCR technique.
Materials and methods
Gene selection
Eighteen PrEST sequences from the Swedish HPA program (http://www.
proteinatlas.org), each corresponding to one gene, were investigated. Each
PrEST represents a unique region, spanning approximately 100 to 150 amino
acids, of a target protein and thus a specific gene fragment [10]. Fifteen of the
PrESTs were randomly selected from the extensive collection of signature tag
sequences in the HPA program. The three remaining ones were chosen because
the corresponding genes serve housekeeping functions. The rationale behind this
was to enable a normalization procedure following hybridization. The Ensembl
Gene IDs and brief gene descriptions of the 18 selected genes are given in
Supplementary Table 1.
Primer design and synthesis
A software, implemented in Java employing the BioJava framework (http://
biojava.org), was developed to facilitate the primer design of the two primers
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the PrEST sequence as input data and, for a given set of three of the four
nucleotides, searches this sequence for 10-to 12-bp regions consisting
exclusively of this trinucleotide set. These encountered DNA stretches are
referred to as extension regions. Subsequently, the two primers necessary for the
threading reaction—the extension primer and the thread-joining primer—are
designed to flank the trinucleotide sections. The software algorithm is set to design
the primers with a selected melting temperature (in this study 70 to 74 °C) and is
also used to create a detection primer for each complete DNA thread that matches
the 10–12 bases of the TnTextension and partially overlaps the TnT thread-joining
primer. Handle or tag sequences are thereafter added to the designed primers. The
threading primers receive universal amplification handles—the extension primers
at their 5′ ends and the thread-joining primers at their 3′ ends—allowing for parallel
thread amplification. Additionally, a signature tag sequence, complementary to
unique tags on a slide, is fused to the 5′ end of each detection primer. Consequently,
the output data are a text file containing the sequences and characteristics of the
primer sets (extension primers, thread-joining primers, and detection primers)
matching all found extension regions of the input PrESTs. Given this information,
the user can select the most appropriate primer set for each gene depending on
preferred criteria.
The software was used to design the 18 primer sets for this study. The
sequences of the primers are provided in Supplementary Tables 2 and 3. All
oligonucleotides were synthesized by MWG-Biotech AG (Ebersberg, Ger-
many). Apart from the thread-joining primers, which carried a 5′-phosphate
group, the oligonucleotides were unmodified.
RNA samples and total RNA isolation
Eight human cell lines employed in the Swedish HPA program were used in
this study (the tissue of origin and description of the cell line are indicated in
parentheses): A-431 (skin, epidermoid carcinoma), U-251MG (brain, glioblas-
toma), SK-MEL-30 (skin—subcutis, metastatic malignant melanoma), K-562
(blood—pleural effusion, chronic myeloid leukemia), THP-1 (peripheral blood,
acute monocytic leukemia), SH-SY5Y (bone marrow, metastatic neuroblas-
toma), HeLa (cervix, cervical epithelial adenocarcinoma), and CACO-2 (colon,
colon adenocarcinoma). Universal human reference RNA (Stratagene, La Jolla,
CA, USA) was utilized as the reference sample. Total RNA from the eight cell
lines was isolated using the RNeasy Midi Kit (Qiagen, Hilden, Germany). The
integrity and quality of the isolated RNA were analyzed by capillary
electrophoresis in the Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA) with the RNA Nano Kit (Agilent Technologies). Furthermore, the
RNA was quantitated spectrophotometrically using an ND-1000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE, USA).
cDNA synthesis
Two separate cDNA synthesis reactions, primed by oligo(dT) and PrEST-
specific primers (Supplementary Table 4), respectively, were performed for each
cell line and reference total RNA. The input of total RNA was adjusted by
absorbance to 2 μg. First, a mixture containing total RNA, dNTPs (Invitrogen,
Carlsbad, CA, USA), and either 0.7 nmol biotinylated oligo(dT) (5′-BioTEG-
20xT-V; Qiagen Operon, Huntsville, AL, USA) or 5 pmol of each biotinylated
reverse PrEST primer was denatured at 70 °C for 10 min. The primers were
allowed to anneal by placing the reaction on ice for 2 min. Subsequently, 200
units of SuperScript III reverse transcriptase (Invitrogen) was added and first-
strand cDNA synthesis was performed at 46 °C for 60 min. The mixture was
then incubated at 85 °C for 15 min. The total volume of the cDNA synthesis
reaction was 20 μl, which contained either 35 μM oligo(dT) or 0.25 μM of each
PrEST-specific primer, 0.5 mM of each dNTP, and 5 mM DTT (Invitrogen) in
1×first-strand buffer (50 mM Tris–HCl (pH 8.3), 75 mM KCl, and 3 mM
MgCl2; Invitrogen).
cDNA cleanup
The synthesized biotinylated cDNAwas purified from the components of the
first-strand synthesis reaction in an automated fashion in a Magnatrix 1200
(Magnetic Biosolutions, Stockholm, Sweden) liquid-handling robot capable ofcollecting magnetic beads. Briefly, streptavidin-coated superparamagnetic beads
(Dynabeads DP; Dynal Biotech ASA, Oslo, Norway) were added to one-third of
each of the oligo(dT)-and the PrEST primer-based cDNA synthesis reactions.
Fifteen minutes of incubation at room temperature allowed capture of the
biotinylated cDNA. Following a wash regimen, first with a binding/washing
buffer (10 mM Tris–HCl (pH 7.5), 1 mM EDTA, 2 M NaCl, and 0.1% Tween
20) and subsequently with 1× TE buffer (10 mM Tris–HCl (pH 7.5) and 1 mM
EDTA), the immobilized cDNAwas released from the beads by heating to 80 °C
for 1 s in 10 μl pure water [18].
Trinucleotide threading and parallel thread amplification
We recently described the TnT approach for multiplex amplification [8].
Briefly, for each sample a threading reaction, utilizing one-third of the cleaned
up cDNA (equivalent to one-ninth of the cDNA synthesis reaction) was set up.
In addition, each 10-μl TnT reaction contained 0.01 μM of each extension
primer; 0.05 μMof each thread-joining primer; 0.2 mM dATP, dGTP, and dTTP;
1 unit of AmpliTaq DNA polymerase Stoffel fragment (Applied Biosystems,
Foster City, CA, USA); and 2 units of Ampligase (Epicentre Biotechnologies,
Madison, WI, USA) in 1× Ampligase reaction buffer (20 mM Tris–HCl (pH
8.3), 25 mM KCl, 10 mM MgCl2, 0.5 mM NAD, and 0.01% Triton X-100;
Epicentre Biotechnologies). The mixture was subjected to a temperature cycling
protocol in aGeneAmp9700 PCRSystem (AppliedBiosystems)with the following
parameters: precycling (20 °C for 5 min, 95 °C for 5 min) and 99 denaturation,
annealing, extension, and ligation cycles (95 °C for 15 s and 65 °C for 12 min).
Following the trinucleotide threading reaction, the biotinylated cDNA was
removed from the mixture using magnetic beads. In particular, an aliquot of
150 μg streptavidin-coated magnetic beads (Dynabeads DP; Dynal Biotech
ASA) was collected by an MPC-S magnetic particle concentrator (Dynal
Biotech ASA). The bead pellet was dissolved with the threading reaction and
immobilization of the cDNA performed for 30 min at room temperature.
Subsequently, the beads with bound cDNAwere collected, and the supernatant
was transferred to a PCR plate. A PCR mixture was added and all the threads of
a given sample were amplified in a single reaction tube. Each 50-μl PCR
consisted of 0.2 μM of each universal primer (Supplementary Table 2), one of
which was biotinylated; 0.2 mM of all four dNTPs; 1 unit of AmpliTaq Gold
DNA polymerase (Applied Biosystems); and 2.5 mM MgCl2 (Applied
Biosystems) in GeneAmp 1× PCR buffer II (10 mM Tris–HCl (pH 8.3) and
50 mM KCl; Applied Biosystems). The PCR was performed in a GeneAmp
9700 PCR System (Applied Biosystems) with a polymerase activation step
(95 °C for 12min); 40 denaturation, annealing, and extension cycles (95 °C for 30 s,
65 °C for 30 s, and 72 °C for 30 s); and a final elongation step (72 °C for 2 min).
Array preparation
The microarray fabrication has been described elsewhere [19]. Briefly,
oligonucleotide signature tags (the sequences of the ones employed in this study
are shown in Supplementary Table 3), each containing a 5′-amino C6
modification, as well as a 15-thymidine-residues spacer (MWG-Biotech AG),
were suspended at a concentration of 20 mM in a spotting buffer (150 mM
sodium phosphate (pH 8.5) and 0.06% Sarkosyl) and printed in triplicate in 48
subarrays on CodeLink activated slides (GE Healthcare, Uppsala, Sweden)
using a QArray robot (Genetix, New Milton, UK). The slides were incubated
overnight at room temperature in a saturated NaCl humidity chamber and were
subsequently postprocessed according to the manufacturer's recommendations.
Primer extension and detection
The detection of the amplified threads relied on the extension of the
detection primers with labeled nucleotides, followed by a hybridization to tag
arrays. The extension reaction was fully automated in a Magnatrix 1200
(Magnetic Biosolutions) pipetting robot with an integrated magnetic particle
concentrator. First, 200 μg streptavidin-coated magnetic beads (Dynabeads
M-280 streptavidin; Dynal Biotech ASA) was added to each amplification
reaction and allowed to capture the biotinylated amplicon for 15 min at room
temperature. Following a wash with 1× TE buffer (10 mM Tris–HCl (pH 7.5)
and 1 mM EDTA) the immobilized amplicons were separated from the residual
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molecules were obtained by removal of the nonbiotinylated strands by a two-
step strand elution procedure: alkali elution with 0.1 M NaOH followed by a 1×
TE buffer wash. Subsequently, a 60-μl solution containing 0.017 μM of each
detection primer (Supplementary Table 3) in 1× annealing buffer (AB; 10 mM
Tris acetate (pH 7.75) and 2 mM magnesium acetate) was added to the
immobilized single-stranded DNA and the primers were allowed to anneal at
80 °C for 1 min, 72 °C for 3 min, and 50 °C for 3 min. Thereafter, extension of
the annealed primers was performed at 37 °C. This reaction was initiated by
sequentially adding a 24-μl mixture containing 5 units of an exonuclease-
deficient Klenow fragment polymerase (MBI Fermentas, Burlington, ON,
Canada) in 1.6× Klenow reaction buffer (80 mM Tris–HCl (pH 8.0), 8 mM
MgCl2, and 1.6 mM DTT; MBI Fermentas) with 0.8 μg/μl BSA (New England
Biolabs, Ipswich, MA, USA) and a 16-μl solution consisting of 1.875 μM of
each nucleotide, 50% of the dCTP and dTTP being Cy5-labeled (GE
Healthcare), in 1.25× Klenow reaction buffer (62.5 mM Tris–HCl (pH 8.0),
6.25 mM MgCl2, and 1.25 mM DTT; MBI Fermentas) with 0.6 μg/μl BSA.
Following the extension, the beads, immobilizing single-stranded DNA with
fluorescently labeled extended products, were collected and washed once with
1× AB to remove the polymerase and nucleotides. The extended products were
subsequently eluted by alkali treatment (7 μl 0.1 M NaOH) and neutralized (8 μl
of a 0.1 M HCl/2× AB solution). The sample was then finalized for hybridization
by addition of 15 μl of 2× hybridization buffer (10× SSC and 0.4% SDS) in a total
volume of 30 μl.
The products of the extension reaction—the fluorescently labeled detection
primers, each containing a specific signature tag—were heat denatured at 95 °C
for 30 s in a GeneAmp PCR System 9600 (Applied Biosystems) and loaded onto
a glass slide containing 48 subarrays of generic tags. The loading, as well as the
separation of samples during the hybridization, was made possible by an in-
house-produced 48-well silicon mask (Elastosile RT625 A/B; Wacker Chemie
GmbH, München, Germany), attached firmly to the slide surface by a custom-
made holder. The hybridization was performed for 60 min at 50 °C and 150 rpm.
Thereafter, the slide was subjected to a three-step washing procedure: 6 min with
50 °C prewarmed 2× SSC with 0.1% SDS, 1 min with 0.2× SSC, and finally
1 min with 0.1×SSC. The slide was then dried by a 10-s centrifugation.
Data analysis
The slide was scanned with an Agilent G2505B scanner (Agilent
Technologies), adjusted to measure the red dye channel intensity at 100%
laser power. The acquired image was analyzed with GenePix Pro 5.1 software
(Axon Instruments, Union City, CA, USA), and the resulting data file was
transferred to Microsoft Excel. Median spot intensities after local background
subtraction (median − background) were the basis for the fold change
determination. First, as each subarray contained each spot in triplicate, an
average spot intensity was calculated. However, if the GenePix analysis revealed
a spot as missing or aberrant, its intensity value was omitted in the calculation.
For each cell line, an intensity ratio of each housekeeping gene between the
reference sample and the cell line was determined. The average of the three
ratios for each cell line was used as a normalization factor, by which the
intensities of the sample genes were multiplied. Fold change values were then
determined by dividing the normalized sample gene intensities in the cell lines
by those in the reference sample. Finally, the data were converted to a base 2
logarithmic scale.
Real-time PCR
A separate real-time PCR amplification reaction for each of the 15 genes and
the 3 housekeeping genes in each of the eight cell lines, as well as the reference
sample, was set up. After addition of negative controls, in which water replaced
the template, 10 reactions were prepared for each gene. The reactions were run
singly on three 96-well plates, each encompassing 3 to 6 sample genes, as well
as the 3 housekeeping genes. The latter were, consequently, run on each plate.
Each 25-μl reaction consisted of an aliquot of water-diluted, oligo(dT)-primed
cDNA corresponding to 0.05 μg of total RNA and 1 μM forward and reverse
primer (Supplementary Table 4; note that the reverse primer is the same as the
primer utilized in the PrEST-specific cDNA synthesis) in 1× SYBR Green
Supermix containing 0.6 units of iTaq DNA polymerase, 50 mM KCl, 20 mMTris–HCI (pH 8.4), 0.2 mM each of dNTP, 3 mMMgCl2, SYBR Green I, 10 nM
fluorescein, and stabilizers (Bio-Rad Laboratories, Hercules, CA, USA). The
real-time PCR was performed in an iCycler thermal cycler (Bio-Rad
Laboratories) with polymerase activation (95 °C for 3 min) followed by
annealing and extension cycles (94 °C for 20 s, 60 °C for 30 s, and 72 °C for
1 min). The SYBR green signal was collected after the annealing step.
Subsequently, a melt-curve analysis was performed by ramping the temperature
from 60 to 100 °C in 0.5 °C increments, holding the temperature at each step for
10 s. The threshold cycles (CT) were obtained with the iCycler software (version
3.0a) (Bio-Rad Laboratories) after manually adjusting the threshold level and
number of baseline cycles. The CT values were converted into fold change data
using the 2−ΔΔCT method [11]. First, the amount of each sample gene was
independently normalized to each of the 3 housekeeping genes. The three
normalized amounts were subsequently expressed relative to that of the same
gene in the reference sample. An average of the three obtained, base 2
logarithmic fold changes was determined, thereby taking into account normal-
ization data from all housekeeping genes. To validate this approach, a simul-
taneous normalization to all 3 housekeeping genes was performed employing
the qBase software (http://medgen.ugent.be/qbase/). Except for the “max ΔCT
(replicates)” being set to 1.0 and 35 being selected as the “min CT(non-template
control)", default settings were applied. An output data file with the normalized
values, rescaled by assigning a value of 1 to the lowest expression of each gene,
was created. Fold changes were then determined by dividing the sample gene
values in the cell lines by those in the reference sample. Finally, the values were
transformed to a base 2 logarithm.
Microarray analysis
Twenty micrograms of total RNA from each cell line was primed with 5 μg
random hexamers (Invitrogen) and the volume was adjusted to 18.4 μl with
DEPC-treated water. The RNAwas denatured at 70 °C for 10 min, and then the
primers were allowed to anneal by placing the reaction on ice for 5 min.
Subsequently, a reverse transcription mixture comprising 400 units of Super-
Script III reverse transcriptase (Invitrogen) was added to produce a total volume
of 30 μl containing 0.01 mM DTT (Invitrogen) and 0.5 mM dNTPs (Sigma–
Aldrich, St. Louis, MO, USA) in 1× first-strand buffer (50 mM Tris–HCl (pH
8.3), 75 mM KCl, and 3 mM MgCl2; Invitrogen). The ratio of aminoallyl-
modified dUTP and dTTP in the nucleotide mixture was 4:1. Thereafter, the
samples were incubated at 25 °C for 10 min followed by 46 °C for 2 h. The
cDNA synthesis was terminated by addition of 3 μl 0.2 M EDTA (pH 8.0), the
RNA was hydrolyzed by addition of 4.5 μl 1 M NaOH, and the samples were
incubated at 70 °C for 15 min, allowed to cool down to room temperature, and
neutralized with 4.5 μl 1 M HCl. Subsequently, the samples were purified using
the MinElute Reaction Cleanup System (Qiagen) with the provided wash and
elution buffers replaced by 80% EtOH and 100 mM NaHCO3 (pH 9.0),
respectively. The elution was repeated twice, generating a total volume of 20 μl,
which was transferred to a tube containing an aliquot of one-tenth of the
monofunctional NHS–ester Cy3 or Cy5 dye tubes (GE Healthcare) dissolved in
DMSO and dried in a vacuum centrifuge. The labeling reaction was allowed to
proceed in darkness for 30 min at room temperature. The sample cell lines were
labeled with Cy5 and the reference with Cy3. Lastly, the samples were finalized
for hybridization by a cleanup step using MinElute columns (Qiagen) as
instructed by the manufacturer.
The microarrays comprised 30,000 cDNA clones, representing approxi-
mately 15,000 genes based on Gene IDs. The clones were spotted in a 30%
DMSO solution onto UltraGAPS slides (Corning, Corning, NY, USA) using a
QArray2 spotter (Genetix). The slides were prehybridized for 30 min at 42 °C in
a prehybridization solution containing 5× SSC, 0.1% SDS (Sigma–Aldrich),
and 1% BSA (Sigma–Aldrich); washed with water and isopropanol; and dried
using a slide centrifuge. The Cy5-labeled sample cell line and Cy3-labeled
reference were pooled and denatured for 3 min at 95 °C in a hybridization
solution containing 10 μg human Cot-1 DNA (Invitrogen), 5 μg tRNA (Sigma–
Aldrich), 25% formamide (Sigma–Aldrich), 5× SSC, and 0.1% SDS.
Subsequently, this mixture was applied beneath a lifter-slip coverslip (Erie
Scientific Co., Portsmouth, NH, USA) positioned on top of the printed array, and
hybridization was performed for 18–24 h at 42 °C in a water bath. All
hybridizations were run in duplicate. Thereafter, the slides were subjected to a
three-step washing regimen: single wash with 42 °C prewarmed 2× SSC with
217P. Zajac et al. / Genomics 91 (2008) 209–2170.1% SDS, single wash with 0.1× SSC with 0.1% SDS, and finally five washes
with 0.1× SSC.
The slides were scanned at 10-μm resolution in an Agilent G2505B scanner
(Agilent Technologies) with the photo multipliers for each laser set to 100%.
Image analysis was performed using the circular grid algorithm in GenePix Pro
5.1 (Axon Instruments), and the data were imported into the R environment
[20,21] for statistical evaluation and visualization. Briefly, the intensities were
extracted from the median foreground intensities at 532 and 635 nm, the features
being filtered both by the software and by manual slide inspection. The data
were then normalized within and across the arrays using print-tip lowess
normalization and a median absolute deviation scaling, respectively [22,23]. The
filter, import, and normalization functions are present either in the KTH package
for microarray data analysis (http://www.ktharray.se) or in Aroma (http://www.
maths.lth.se/help/R/aroma/). To correlate the cDNA probes on the slide with
Human Proteome Atlas program IDs, a mapping procedure employing the gene
symbol was implemented. For the cases in which the probes were redundant,
i.e., where more than one probe matched a PrEST, a mean value was calculated
and used in the cross-platform comparison.
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